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ABSTRACT 
 
Silicon is an important electrode material for next generation high 
performance lithium ion batteries due to its order of magnitude higher charge 
carrying capacity compared to conventional graphite electrodes. The main 
obstacle of using Si electrodes in commercial lithium batteries is the massive 
volume expansion of the Si electrode under repeated charge cycling, which leads 
to delamination of the Si electrode from the Cu current collector and inevitably 
results in capacity fade. Using first principle calculations based on density 
functional theory and ab-initio molecular dynamics simulations, this thesis 
focuses on the structure of the Cu/Si interface and aims to provide a complete 
picture of the intermixing at the Cu/Si interface during lithiation processes. The 
hypothesis, supported by existing experiments, is that the Cu/Si interface is not 
pristine and comprises of an interdiffused Li-Si-Cu interphase structure. To test 
this hypothesis, the barrier energies for Li diffusion into the assumed crystalline 
silicide interphase structure separating crystalline Si and Cu is studied. Results 
show that the barrier energies for Li ion diffusion decreases towards the 
interphase structure, which suggest that Li ions can diffuse into the silicide 
structure even during early stages of lithiation. Several interdiffused Li-Si-Cu 
interphase structures with varying Li to Si content are subsequently modeled 
using rapid heating and quenching process. The atomic structure of interdiffused 
Li-Si-Cu phase reconstructed from rapid heating and quenching are in good 
agreement with previous experiment results. The work of separation of these 
interdiffused phase are also examined. 
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CHAPTER 1:  INTRODUCTION 
 
 
The global quest towards a sustainable energy future has placed immense 
pressure on improving current energy storage technologies. The focus has been on 
electric vehicles, since transportation accounts for ~20% of the world’s energy 
consumption and ~30% of the energy consumption of the United States [1]. The 
widespread adoption of electric vehicles will reduce our current reliance on fossil 
fuels, and at the same time, reduce global emissions. Among the various energy 
storage technologies, lithium ion batteries with their high charge density and 
remarkable cyclability have the potential to replace gasoline in transportation 
vehicles. For example, the fully-electric car Tesla Model S uses 7,104 lithium-ion 
battery cells to achieve a range of ~265 miles (426 km) per charge, compared to 
the 300 to 400-mile range of conventional gasoline engines. Given that 
conventional graphite-based electrodes in lithium ion batteries have already 
reached their theoretical charge capacities, further improvements in the range and 
efficiency of electric vehicles will have to come from the development of new 
electrode materials which possess higher charge capacities.  
 
As shown schematically in Fig. 1.1a [2], a typical lithium ion battery 
comprises of an anode (negative electrode), cathode (positive electrode), and 
electrolyte. During charging, Li ions will migrate from the cathode through the 
electrolyte to the anode, but will travel in the reverse direction during discharging 
of the battery. My research focuses on the anode, which serves as the 
electrochemically active material that absorbs positive Li ions during the charging 
process. The anode is attached to a metal current collector that serves as a medium 
for the transport of the electrons to close the circuit. In a commercial lithium ion 
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battery cell, the anode film is typically coated on a copper foil current collector by 
binder and additives (see Fig. 1.1b [2]). For the automobile industry, the specific 
energy density of the battery, defined as the energy storage capacity of the battery 
per unit weight, is of utmost importance since this ultimately determines the 
efficiency and practicality of the battery. The specific energy densities of six 
different anode materials are show in Fig. 1.1c [3]. Comparing two different 
anode materials, graphite and silicon, the electrochemical reaction during 
charging can be summarized as:  
 
                           6C + Li+ + e- ↔ LiC6 ⇒ 372 mAh/g                                       (1.1) 
                           4Si + 15Li+ + 15e- ↔ Li15Si4 ⇒ 3580 mAh/g                         (1.2) 
 
For the past 20 years, Graphite has been the mainstay anode material for lithium 
ion batteries. As shown by Eqn. (1.1) and (1.2), the honeycomb layered structure 
of graphite can theoretically hold up to 372 mAh per gram of C, i.e. 1 Li ion per 6 
C atoms (see Fig. 1.1d [4]). In comparison, Si anodes can achieve an order of 
magnitude higher theoretical specific energy capacity of 3580 mAh/g, since each 
Si atom bonds to 3.75 Li atoms. Therefore, Si is one of the most promising 
candidate electrode material to replace graphite in next generation lithium-ion 
batteries.  
 
A major challenge to the realization of silicon-based anodes in lithium ion 
batteries is the associated 300% volume expansion during lithium intercalation [5, 
6]. This volume expansion comes about precisely because of the massive number 
of Li atoms that are bonded to each Si atom when the electrode material is fully-
lithiated. For a free-standing silicon electrode that is allowed to volumetrically 
expand and contract homogeneously, the electrode will remain crack-free during 
cyclic charging and discharging. When attached to a rigid substrate, such as the 
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copper current collector, however, the inhomogeneous and massive volume 
expansion and contraction during charging and discharging will lead to massive 
cracking of the Si electrode, as shown in Fig. 1.1e [5]. During the initial few 
charging and discharging cycles, the Si electrode already undergoes massive 
cracking, but the fragmented Si islands still remain attached to the metal current 
collector. The Si electrode continues to maintain its charge capacity until the 
fragmented Si islands delaminate from the current collector, which results in an 
abrupt loss of charge capacity [5].  
 
It is precisely this delamination of the fragmented Si islands from the metal 
current collector that results in capacity fade. However, the mechanics and battery 
community have mostly focused on understanding the plastic deformation 
behavior of lithiated Si electrodes with the goal of circumventing electrode 
cracking associated with the large volume changes during electrochemical 
cycling. Much of this research has cumulated in the design of nanostructured Si 
electrodes, including Si nanowires and nanoparticles, Si electrodes with nanoscale 
pores, Si thin film electrodes, and patterned Si island [7-10]. These nanostructured 
Si electrodes are capable of accommodating the large volume changes under 
repeated cycling due to the small feature sizes. In many cases, such 
nanostructured Si electrodes, while remaining crack-free, still undergo abrupt 
capacity fade due to delamination of the electrode from the current collector after 
a critical number of charge/discharge cycles. This suggests that maintaining 
contact between the Si electrode and the current collector is the critical step 
towards improving the cyclability of these Si-based lithium ion batteries. As a 
case in point, it has been shown that Si nanowires are able to withstand up to 80 
charge/discharge cycles without cracking or capacity fade by maintaining good 
contact between the silicon anode and current collector through embedding of the 
Si wires within the Cu substrate [11]. 
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The goal of my thesis, is to better understand the structure of the interface 
between the Si electrode and a Cu current collector during lithiation process. A 
recent study by Maria et al. [13] adopted first principle calculations to study the 
interface between a pristine crystalline Cu substrate and an amorphous lithium-
silicon film. The study showed that Li ions tend to segregate along the Si/Cu 
interface which significantly reduced the shear resistance of the interface. 
However, this study assumed a well-delineated interface between Cu and lithiated 
silicon, but the actual interface structure is far more complex. As shown by Wang, 
X. G.; Smith, J. R. [12], the interface structure between crystalline Si and Cu 
already comprises of 7 atomic layers of interdiffused Si and Cu atoms, known as a 
silicide structure. The experimental results of Maria et al. [13] and Maranchi et al. 
[14] confirm that significant interdiffusion among Li, Cu, and Si atoms exists at 
the interface between lithiated Si electrode and the copper current collector.  
 
The objectives of my research are two-fold: (a) determine the driving force 
(barrier energy) for Li ion diffusion from bulk Si towards the Cu/Si interphase 
comprising of a crystalline silicide structure, and (b) reconstruct the interdiffused 
Li-Si-Cu interphase structure for different Li ion densities, and establish the work 
of separation distributions for the different interphase structures. Chapter 2 
provides a brief literature summary with emphasis on experimental investigations 
on the structure of the lithiated Si/Cu interface. Chapter 3 details my 
computational methodology which is based entirely on density functional theory 
formalism. Results pertaining to objectives (a) and (b) will be reported in 
Chapters 4 and 5 respectively. Chapter 6 summarizes the conclusions of this work 
and proposes some future work.  
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Figures 
 
 
Figure 1.1a: Lithium battery schematic [2]. 
 
 
Figure 1.1b: Lithium battery fabrication details [2]. 
 
 
Figure 1.1c: Electrode capacity of different materials [3]. 
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Figure 1.1d: Left: Graphite fully lithiated state; Right: Si fully lithiated state [4]. 
 
 
Figure 1.1e: Selected scanning electron microscopy (SEM) images showing 
cracks during charging of 250-nm Si film for (a) 1 cycle and (b) 30 cycles [14]. 
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CHAPTER 2: LITERATURE REVIEW 
 
 
The main obstacle to the use of silicon electrodes in lithium ion batteries is 
the 300% volume expansion during lithiation which leads to massive cracking and 
subsequent delamination of the electrode from the current collector. One of the 
pioneering studies by Beaulieu et al. (2001) [5] adopted in situ atomic force 
microscopy (AFM) and optical microscopy to understand the mechanisms of 
crack formation during the insertion or removal of lithium ions. Figure 2.1 shows 
AFM imaging of the cracks forming and growing during lithiation process. The 
authors equate their observed crack patterns to that formed by drying of mud on 
top of a glass dish, as shown in Figure 2.2. Such massive cracking results in the 
formation of multiple Si islands which remain attached to the current collector. 
Even after this massive cracking, the Si electrode still retains its charge capacity, 
since the electrical contact between the electrode and the current collector is still 
maintained which allow the flow of electrons. After a critical number of charge 
cycles, the Si islands eventually delaminate from the current collector, resulting in 
irreversible capacity fade. This study conclusively showed that the massive 
volume changes during lithiation cycling is responsible for (a) massive cracking 
of the electrode, and (b) the eventual delamination of the electrode from the metal 
current collector. It is the latter, however, that ultimately results in capacity fade 
and will be the focus of my thesis. 
 
Patterning of Si films on Cu substrates, as shown in Fig. 2.3, have been 
attempted by Xiao et al. [10] to mitigate the massive volume expansion during 
lithiation process. The presence of “expansion gaps” separating the Si islands 
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allow the islands to expand with less constraints during lithiation. The critical 
island size of ~100 nm to avoid cracking of the Si islands or delamination of the 
islands from the Cu conductor was selected based on conventional linear elastic 
fracture mechanics. Other studies have attempted to increase cycle life by 
improving the structural integrity of the interface separating the Si thin film and 
current collector [15-17]. This thesis focuses on a specific interface structure: that 
between a Si electrode and a Cu current collector. The overarching goal of the 
thesis is to better understand the structure of this Si/Cu interface and its relation to 
cracking delamination. Such understanding would enable the design of the Cu/Si 
interface structures to achieve better cycle life.  
 
Maranchi et al. [14] investigated the morphological evolution of the Cu/Si 
interface structure under repeated electrochemical cycling. From STEM and EDX 
line profiles, they demonstrated significant intermixing between Cu and Si due to 
lithiation process. While a sharp Cu/Si interface was observed in the as-deposited 
state, an interdiffused Cu-Si interface was observed after 30 lithiation cycles, as 
shown in Fig. 2.4. They speculated that the nucleation of lithium-copper-silicon 
phase could lead to the development of an imperfection, from which Cu/Si 
interface cracks nucleate. For close to a decade however, this speculation was 
never proven. This thesis attempts a first principle study to elucidate the structure 
of this interdiffused Li-Si-Cu phase.  
 
Wang, X. G.; Smith, J. R. [12] adopted first principle calculations to elucidate 
the structure of the interdiffused crystalline interphase between Si (111) and Cu 
(111), termed as silicide. To predict the intermixing of Si and Cu atoms, all 
symmetry distinct configurations (300 in total) were considered. The structure of 
the silicide interphase was determined for different temperatures (Fig. 2.5). This 
silicide structure represents the interphase between as-deposited crystalline Si on 
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Cu substrate prior to lithiation. Wan et al. [18] examined the barrier energies for 
diffusion of a Li ion in bulk crystalline Si, and determined that diffusion occurs by 
interstitial insertion rather than substitutional process. They showed that the 
tetrahedral site in crystalline Si is energetically favorable for Li insertion, and that 
the diffusion barrier occurs at a hexagonal site, and had a diffusion barrier energy 
of 0.58 eV (see Fig. 2.6). Wan et al. [18] also showed that Li insertion in bulk Si 
occurs atom-by-atom at low lithium concentrations (x < 0.125 for LixSi), but 
tended to cluster together to break Si-Si bonds at higher concentrations. Question 
1: Do Li ions diffuse to the silicide interphase structure during lithiation, and if 
so, what are the associated barrier energies for diffusion? 
 
While the structure of the as-deposited Si electrode on Cu is crystalline, the 
post-lithiated Si structure becomes highly amorphous. A recent first principle 
study by Maria et al [13]. assumed a well-delineated interface separating 
crystalline Cu from amorphous Li-Si, and attributed the ultra-low sliding 
resistance along the interface to the segregation of Li ions at the Cu/Si interface 
(Fig. 2.7). However, Maria et al.’s companion experimental study [13] (Fig. 2.8) 
in the same paper clearly showed the presence of an interdiffused Li-Si-Cu 
interphase structure separating the lithiated Si from the Cu current collector, in 
agreement with Maranchi et al. [14]. This complex phase structure is also 
expected to be amorphous. Question 2: What is the atomic structure of this 
interdiffused Li-Si-Cu phase, and can it explain the interface delamination 
mechanism which results in capacity fading? 
 
 
 
 
 
10 
Figures 
 
Figure 2.1: Selected AFM images showing the cracks of lithium thin film on top 
of rigid substrates. Images a-l are illustrations of how the cracks propagate during 
repeated cyclings [5]. 
 
Figure 2.2: The resemblance of the cracks formation in a Li-alloy thin film after 
repeated cyclings (top image) to dry mud (bottom image) [5]. 
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Figure 2.3: Patterns in Si film improving the cycling stability of the Si electrode. 
(a) pattern width 40 mm. (b) pattern width 17 mm. (c) pattern width 7 mm with (d) 
3D profile of the pattern [10]. 
 
Figure 2.4: Cross-sectional STEM images of a Cu/Si interface. a) c) As-deposit 
state which the interfacial region is ~26nm. b) d) Interfacial structure after 30 
cycles, with a much larger ~275nm interdiffused interfacial region [14]. 
Cu 
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Si 
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Figure 2.5: Si(111)/Cu(111) interface phase at different temperature. The black 
atoms represent Si atoms; The yellow ball stands for Cu atoms; The vertical 
dashed lines denote the boundaries of the supercell; the horizontal dashed lines 
represent the fracture plane; The values on the right are work of separation at the 
fracture plane [12]. 
 
 
Figure 2.6: Diffusion energy for a Li ion that diffuse from Td site to Hex site and 
then to another Td site along the depth of crystalline Si bulk [18]. 
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Figure 2.7: Li segregation at Cu/Si interface modeled with substrate formed by 
pure Cu and remain fixed during the simulation. Periodic boundary condition (left 
image) and the slab model (right image) were both investigated [13]. 
 
 
Figure 2.8: Experiment result showing Li ions diffusion along the depth of the 
film, demonstrating an interdiffused Li-Cu-Si phase as marked in the image [13]. 
  
Interdiffused  
Li-Cu-Si phase 
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CHAPTER 3: SIMULATION METHODS 
 
 
 Modeling of Si electrodes on Cu substrates during lithiation to study the 
underlying mechanisms of crack-growth have been carried out using continuum-
based finite element approaches. However, the properties of the interdiffused Cu-
Li-Si interphase separating the Si electrode and the Cu current collector are 
virtually unknown, which necessitates lower-scale atomistic simulations. While 
interatomic potentials to describe the interaction between Li and Si atoms have 
recently been developed and implemented in molecular dynamics (MD) 
simulations, the introduction of Cu atoms in the model system increases the 
complexity of the interatomic potentials significantly. In view of this, I adopt 
density functional theory (DFT) calculations to model the structure of the Cu-Li-
Si interphase.  
 
 DFT is essentially a first-principle calculation that originates from quantum-
mechanics. The fundamental ab-initio law in quantum-mechanics is the 
Schrödinger equation, denoted by 
 
                                                                                                 (3.1) 
 
where Ψ is the electronic wave function, Ĥ the Hamiltonian operator, and E the 
ground state energy (lowest energy state) of the electrons. Solving Eqn. (3.1) for a 
many-body problem of N atoms requires solving for a wave-function which has 
3N variables, which renders the problem insolvable. Kohn, Hohenberg and Sham 
showed that there exists a one-to-one mapping between the ground-state wave 
function and the ground-state electron density, which is termed the energy 
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functional (function of a function). The ground state of Schrödinger equation can 
be found by minimizing the energy of the energy functional. While the 
contributions of electron-nuclei, nuclei-nuclei, and electron-electron interactions 
in the energy functional can be explicitly written, the unknown terms in the 
energy functional are described by an exchange-correlation function, which is in 
turn described by either the local density approximation (LDA) or the generalized 
gradient approximation (GGA). Two of the most widely used GGA functional are 
Perdew–Wang functional (PW91) and Perdew–Burke–Ernzerhof functional 
(PBE). In practice, we solve the Schrödinger equation in periodic systems in 
which the solution satisfies a fundamental property known as Bloch’s theorem, 
which states that the solution can be expressed as a sum of plane-waves that 
oscillate in space. This can be problematic because the tightly bound core 
electrons in atoms are associated with wave functions with this kind of oscillation. 
To overcome this problem, only the valence electrons are explicitly considered, 
and pseudo-potentials are used to describe the interaction between the core and 
valence electrons. Two most commonly-used pseudo-potentials are the projector 
augmented-wave (PAW) method and ultrasoft pseudo-potential (USPP), with 
PAW providing more reliable results with atoms that have large differences in 
electronegativity [19]. 
 
The DFT calculations presented in this thesis are performed using VASP. 
The plane wave method with the PAW pseudo-potentials are used to mimic the 
interactions between the ion cores and electrons. The exchange-correlation term in 
the energy functional is described by the PBE GGA method. The energy cutoff for 
the plane wave basis set is taken to be Ecut = 400 eV. A uniform Monkhorst-Pack 
k-point mesh of 2 x 2 x 1 is used, which is sufficiently accurate due to the 
relatively large supercells adopted in Chapters 4 and 5. The conjugate gradient 
method is adopted to minimize the energy during quantum-mechanical relaxation, 
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and convergence is assumed when the Hellmann-Feynman force on the atom is 
smaller than 0.01eV/Å. To model the interdiffused Li-Si-Cu interphase structure 
in Chapter 5, a rapid heating and quenching approach is implemented using ab-
inito molecular dynamics (AIMD) calculations. The simulation details will be 
provided later in Chapter 5. The simulations (each utilizing between 32 to 196 
CPUs) are performed using supercomputing facilities on the Stampede cluster at 
the Texas Advanced Computing Center (TACC).  
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CHAPTER 4: SINGLE LI ION DIFFUSION NEAR THE CU/SI INTERFACE 
 
 
Under electrochemical cycling, the structure of the initially crystalline Si 
electrode transitions to become amorphous at high Li concentrations. Due to the 
overall complexity of the amorphous lithiated-Si structure as will be seen in the 
next chapter, the focus here is on the very first lithiation cycle where the Si 
electrode, as well as the interdiffused silicide interface between the electrode and 
the Cu current collector, are still in their crystalline form. This chapter examines 
the barrier energies for Li ion diffusion within crystalline Si, moving towards the 
crystalline silicide interphase.  
 
The crystalline silicide interface between Si and Cu was first uncovered by 
Wang, X. G.; Smith, J. R. [12]. I started with this silicide model structure, as 
shown in Fig. 4.1. My supercell comprises of 16 layers of crystalline (2x2) 
Si(111) and 11 layers of crystalline (3x3) Cu(111), with 5 layers of interdiffused 
Cu-Si representing the silicide interphase. The silicide interphase follows the 
hexagonal close-packed (hcp) structure of Cu, and comprises of Cu atoms, which 
are substituted periodically with Si atoms within each layer. I have examined the 
work of separation along this interphase structure and have obtained results which 
are in good agreement with Wang, X. G.; Smith, J. R. [12], which validates my 
model structure. In studying the diffusion of Li atoms towards this silicide 
interphase, I operationally define the first silicide layer at the silicide-Si interface 
as Layer 0, and incrementally label the pure silicon crystalline layers towards the 
top of the supercell as Layer 1 to Layer 16. Similarly, the silicide layers below 
Layer 0 are consecutively labeled as Layer -1, -2, etc., in decreasing numbers 
towards the pure crystalline Cu substrate. For clarity, this is depicted in Fig. 4.1a-
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c. Next, the free energy of binding at the Tetrahedral (Td) and Hexagonal (Hex) 
sites within the crystalline Si structure is determined. These sites, depicted in Fig. 
4.1d-e, have been previously established by Wan et al. [18] as the local minimum 
and barrier sites for Li diffusion. A Li atom at the Td site has four nearest-
neighbor Si atoms with a Li-Si bond distance of 2.45 Å, and six second nearest 
neighbor Si atoms. On the other hand, a Li atom at the Hex site has six equivalent 
Si atoms neighbors, all with Li-Si bond distance of 2.37 Å. Given that the 
equilibrium Li-Si bond distance ranges from 2.6-2.8 Å, the Td site is considerably 
more stable than the Hex site.  
 
The simulations are performed by fixing the bottom three layers of Cu 
(representing the Cu current collector), and moving the Li atom along a fixed 
pathway which directly connects Td and Hex sites within each layer. At each 
designated Li atom position, the Li atom is rigidly fixed, and the lattice structure, 
excluding the fixed bottom three layers of Cu atoms, is relaxed. The free energy 
of binding of the Li atom is then determined as  
 
Ec = Etotal – Elattice – ELi                             (4.1) 
 
where Etotal is the total energy of the relaxed supercell, Elattice is the energy of the 
relaxed lattice structure without the Li atom, and ELi is the energy of an isolated 
Li atom. Since the Li atom is more stable at the Td site rather than the Hex site, Ec 
will be lower at Td, and the barrier energy for diffusion can be determined from 
the difference in Ec for a Li atom residing at Hex and Td. Close examination of 
Eqn. (4.1) shows that this simply translates into taking the difference in Etotal at 
both these sites, since Elattice and ELi remain constant.  
  
 The variation in Etotal as the Li ion diffuses from the Td to Hex site and from 
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Hex site back to Td in bulk crystalline Si is first calculated and shown in Fig. 4.2 
(green curve); the results are very close to that previously obtained by Wan et al. 
[18] using a similar approach (red curve). Repeating this calculation from Td to 
Hex site for the diffusion of Li atoms from Layer 8 to Layer 6 (note that the 
diffusion from Hex to Td is not symmetric with the diffusion from Td to Hex), the 
diffusion pathway is found to possess similar characteristics as in bulk silicon: (a) 
Td is the most energetically stable site, while (b) the Hex site maintains the 
highest energy level and represents the barrier to Li diffusion. Slight differences 
in the diffusion barrier energies Eb, however, are observed for a Li ion diffusing 
from Layer 8 to 6 (Eb = 0.552 eV), and within bulk Si (Eb = 0.58 eV). Is the 
barrier energy for diffusion lowered because of the existence of the silicide 
interphase?  
 
To answer the above question, Fig. 4.3 shows the variation of Etotal as the Li 
atom diffuses to the silicide interphase. Observe that Eb continuously decreases 
from Layer 12 to Layer 2. This lowering of the barrier energy is associated with 
the increasing stability of the Li atom at the Td site closer to the interface. This is 
due to the coherency stresses near the interface between Si and Cu, which exist 
because the lattice strain mismatch cannot fully be accommodated with misfit 
dislocations in Cu introduced by matching the 2x2 Si (111) lattice with the 3x3 
Cu(111) lattice. As a result, tensile (compressive) in-plane stresses exist in the Si 
(Cu) layers. These stresses decay exponentially from the interface. As such, the 
presence of Li atoms residing at Td sites within Si close to the interface helps 
accommodate the tensile lattice strain, and Etotal now decreases. While the 
decrease in Etotal between adjacent layers might appear small, the diffusion barrier 
for Li atom moving from Layer 4 to Layer 2 is 0.488 eV, which is ~16% lower 
than that in bulk Si (represented by diffusion of Li atom from Layer 12 to 10). 
However, this decreasing barrier energy for Li ions approaching the interface 
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during lithiation (insertion of Li ions in Si) also translates to an increased barrier 
energy for diffusion during delithiation (removal of Li ions from Si). Interestingly, 
the barrier energy increases dramatically as Li atom diffuses from Layer 2 to the 
silicide interface. Hence, interstitial diffusion into the silicide structure will not be 
possible, and the interstitial diffusion mechanism will have to transition to a 
substitutional diffusion process here on.  
 
The above analysis hence shows that the Li atoms can diffuse interstitially 
towards the silicide interphase with decreasing barrier energy, reaching a stable 
position within 2 atomic layers from the interface. This supports the hypothesis in 
this thesis that there is a tendency for Li atom diffusion to the interface. However, 
interstitial diffusion of Li atoms cannot proceed into the silicide structure, due to 
the tight face-centered cubic (fcc) Cu lattice packing. Instead, the mechanism will 
have to transition to substitutional diffusion (i.e. replacement of Cu lattice atoms 
with Li), which will be a slower process. This explains why the thickness of the 
interdiffused Cu-Li-Si phase structure observed experimentally increases with 
cyclic lithiation. This interdiffused phase structure will be constructed in the next 
chapter via first principle calculations. 
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Figures 
   
(a) Side view 
Figure 4.1: Atomic configuration of the Cu/Si interface system, from bottom, the 
crystalline Cu, silicide, and Si layers. Si and Cu atoms are colored in pink and 
blue. Green atoms denote Li ions, and the diffusion path from bulk Si towards the 
silicide interface shown in dashed yellow lines. Close-up views of the Td and Hex 
sites are shown in (d) and (e). 
Td 
Hex 
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(b) Section view: Double crystalline Si layers, layer n (left) and layer n+1 (right), 
where n > 0. 
 
 
(c) Section view: Two crystalline silicide layers, Layer -4 (left) and Layer -5 
(right) 
 
 
 
(d) Td site 
 
Figure 4.1 (cont) 
 
[111] 
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(e) Hex site 
Figure 4.1 (cont): Atomic configuration of the Td (d) and Hex (e) sites in 
crystalline Si [18] (Purple ball: Li ion; Green ball: first nearest neighbor; Orange 
ball: second nearest neighbor; Blue ball: other Si atoms in the bulk) 
 
 
Figure 4.2: Variation  in Etotal for Li ion diffusion from Td to Hex to Td in bulk 
crystalline Si (green curve) versus the results by Wan et al. [18] (red curve). The 
variation in Etotal as the Li ion diffuses from the Td to Hex site within Layer 6-8 
shown by the black curve. 
[111] 
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Figure 4.3: Variation of Etotal as the Li atom diffuses from bulk Si  to the silicide 
interphase. (The true value of the two data points between Layer 0-2 are actually 
150eV higher) 
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CHAPTER 5: LI-SI-CU INTERDIFFUSED INTERPHASE STRUCTURE 
 
 
In this chapter, four interdiffused Li-Si-Cu interphase structures are 
considered.  These structures have fixed number of Cu atoms, but varying number 
of Li and Si atoms resulting in Li:Si ratios ranging from x = 0.5 to 3.75 which 
reflect the ratio of Li:Si atoms in the bulk lithiated Si electrode. Note that the 
lithiated Si electrode will be in an amorphous state since x exceeds the critical Li 
density required for crystalline to amorphous transition of the lithiated Si structure 
(i.e. x > 0.065). See table 5.1 for the composition details of the four interdiffused 
Li-Si-Cu model structures. The supercell of each structure is modeled to have the 
same cross-sectional area as the previous supercell used to investigate single 
lithium ion diffusion in Chapter 4. The volume of each supercell has to be 
adjusted to account for the Li, Si, and Cu content. Here, it is assumed that the 
volume of the stress-free supercell can be delineated into the separate 
contributions of the volume of the crystalline Cu lattice, and the equivalent 
volume of an amorphous, stress-free, bulk Li-Si structure as previously 
determined by Johari P [20]. 
 
To create the interdiffused Li-Si-Cu structure, a rapid heating and quenching 
approach is adopted. The initial model structure comprises of individual slabs of 
Cu, Si and Li atoms placed on top of each other, as shown in Fig. 5.2a. The Cu 
and Li slabs are initially crystalline with the close-packed (111) plane oriented 
perpendicular to the height of the supercell. The initial Si slab is amorphous to 
allow for better intermixing during heating, since Si has a higher melting 
temperature compared to Cu and Li; the amorphous Si slab is created by 
introducing Si atoms randomly. The bottom three Cu (111) close-packed layers of 
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Cu, representing the crystalline Cu current collector, are rigidly fixed throughout 
the simulation. During the heating stage, performed using ab-initio molecular 
dynamics (AIMD) simulations as implemented in VASP, each supercell is 
subjected to a temperature of 5000 K. This temperature far exceeds the melting 
points of Cu, Li, and Si, which allows for significant intermixing among these 
different atoms. The temperature is maintained for 5000 MD steps (each time step 
of 1 fs) by a Berendsen thermostat. Thereafter, the system is rapidly quenched to 0 
K by reducing the temperature at the rate of 1 K per MD time step. After each 200 
K reduction in temperature, the structure is allowed to equilibrate at that 
temperature for a further 200 MD steps. Finally, the structure is quantum-
mechanically relaxed to obtain the final interdiffused structure. Note that this 
process of obtaining each interdiffused structure is highly computational 
intensive, requiring ~7000 CPU hours for completion of the heating, quenching, 
and relaxation process.  
 
The atomic configurations of the Li-Si-Cu structure with Li:Si = 1 after the 
heating, quenching, and relaxation stages are shown in Fig. 5.2b-d. Also included 
are the distribution of the Cu density, and the Li:Si ratio. The data points for these 
distribution plots are obtained by dividing the height of the supercell into fixed 
intervals corresponding to (a) the distance between closed-pack (111) planes for 
Cu density calculation, or (b) the distance of 2.8 Å representing the equilibrium 
bond distance between Li and Si atoms. Results in Fig. 5.2b show that the atomic 
structure becomes highly disordered at the heating temperature of 5000 K, and the 
Li, Si, and Cu atoms become fully-interdiffused. I have also experimented with 
heating temperatures of 1000K, 1500K, 2000K, 3000K, 4000K and 5000K, and 
find that the lower temperatures require considerably more time to achieve the 
fully-interdiffused structure. Interestingly, after quenching and quantum-
mechanical relaxation at 0K, a total of four crystalline layers form above the fixed 
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three layers of Cu atoms. These crystalline layers comprising mostly of Cu atoms 
follow the FCC lattice structure of Cu layers but with the presence of 
substitutional Li and Si atoms. The resulting structure therefore comprises of three 
distinct regions: (a) a crystalline Cu region representing the Cu current collector, 
(b) an interdiffused, amorphous Li-Cu-Si region, and (c) a bulk LixSi region 
above representing the bulk lithiated Si electrode. While the structure is 
qualitatively in agreement with experimental studies, specifically, the tapering off 
of the Si (Cu) density closer to the copper current collector (bulk lithiated Si 
electrode), the interdiffused region in experiments span ~275 nm [13] compared 
to a mere ~2-3 nm in the model structure here. Will changing the absolute number 
of Cu, Li and Si atoms while maintaining the same Li/Si ratio change the Cu 
density and Li/Si ratio distributions?  
 
      Using interdiffused structures with Li/Si = 1 as an example, I have performed 
the above heating and quenching process on three different models  with different 
number of Cu, Si, and Li atoms to see if increasing the absolute number of Cu, Li 
and Si atoms changes the distribution profiles. The compositional details of these 
three models can be found in Table 2. Model 1 has the least number of Cu, Si, and 
Li atoms. As shown by the final atomic configuration in Fig. 5.3a, no crystalline 
layers are formed on top of the pre-designated fixed Cu layers, due to an 
insufficient number of Cu atoms in the supercell. In addition, the Li/Si ratio in 
Model 1 remains almost flat, due to an insufficient number of Li and Si atoms to 
allow for fluctuations in the Li/Si distribution. Hence, Model 1 is unable to 
capture critical features of the interdiffused Li-Si-Cu interphase. On the other 
hand, the Li/Si ratios in both Model 2 and Model 3 are qualitatively and 
quantitatively similar. Model 3 displays a larger interdiffused region due to the 
presence of more atoms in the system. However, Model 2 does capture the 
essential features necessary to model the interphase structure.  
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 Fig. 5.4 shows the final atomic configurations of four LixSi-Cu structures (x = 
0.5, 1, 1.71, 3.75; see Table 5.1), and the associated Li/Si ratio profile and Cu 
density distribution along the thickness of the supercell. The dashed back line in 
each figure represents the bulk Li/Si ratio x. Two peaks in the Li/Si ratio are 
observed for all four structures. One of the peaks occur near the top of the 
supercell. This peak Li/Si ratio is associated with the periodic boundary condition 
effect, since the top of the cell essentially lies next to the fixed crystalline Cu 
region at the bottom of the supercell. As reported by Maria et al. [13], the 
segregation of Li atoms occur along a well delineated crystalline Cu and 
amorphous Li-Si interface, with the extent of Li segregation increasing with x. 
The Li/Si peak ratios at the top of the supercells for the Li20Si40-Cu, Li40Si40-Cu 
and Li48Si28-Cu structures are therefore, unsurprisingly, in good agreement with 
the DFT results reported by Maria et al [13]. For the Li75Si20-Cu model structure, 
however, quantitative differences in the peak Li/Si ratio at the top of the supercell 
are observed. Nevertheless, this peak Li/Si ratio at the top of all four model 
structures can be regarded as a simulation artifact. In all four model 
configurations, the effects of the periodic boundary diminishes the Li/Si ratio 
reaches the bulk ratio of x away from the periodic boundary. Of interest here is 
the peak Li/Si ratio that occurs at the transition between the crystalline Cu 
interdiffused with substitutional Li and Si atoms and the amorphous interdiffused 
Cu-Li-Si. The magnitude of this peak Li/Si ratio increases with Li concentration. 
For Li75Si20-Cu, the peak Li/Si of 7 near this transition zone is surprisingly in 
exact agreement with experimental studies reported in Maria et al. [13]. 
 
 Finally, the work of separation along the interdiffused Cu-Si-Li phase 
structure is examined. Unlike previous studies which assumed a well-defined 
interface separating crystalline Cu from amorphous Li/Si, the intermixing among 
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Li, Si and Cu atoms infers that the weakest plane along which sliding or fracture 
happens is unknown. Here, the distribution of the work of separation along the 
interdiffused structure is calculated by making several discrete cross-sectional 
cuts along the height of the supercell. The work of separation is a measurement of 
the amount of energy required to completely separate the structure in two, and is 
defined by  
 
                                       Wsep = (E
tot
1 + E
tot
2 – E
tot
12) / A                                    (5.1) 
 
where Etot1 and E
tot
2 are relaxed energy of the separated slabs, E
tot
12 is the total 
energy of the relaxed model, and A represents the interfacial cross-section area.  
 
For all four interdiffused structures, Wsep along the interdiffused crystalline 
regions (bottom of the supercell) fall within the range of that for pure Cu, as well 
as the silicide structure previously reported by Wang, X. G.; Smith, J. R. [12]. An 
exception is the case for Li20Si40-Cu where the Wsep of the crystalline region is 
lower than expected due to the presence of vacancy defects within the crystalline 
layers. Away from the crystalline region, Wsep decreases dramatically before 
approaching a constant value near the top of the supercell representing bulk Li-Si. 
Defining the “interface” as the region between crystalline and amorphous phases 
where a peak Li/Si ratio exists, I compare my results of the Wsep along this 
lithium-segregated “interface” against that of Maria et al. [13] in Fig. 5.6; also 
included are the Wsep results from bulk Li-Si. Observe that in the interdiffused 
model, Wsep at the bulk is lower than at the ‘interface’ by about 0.3 J/m
2
. Except 
for model Li75Si20-Cu, the separation energy at the ‘interface’ increases to 2.35 
J/m
2
, which is much higher than the separation energy in the bulk.  
 
The above results infer that Wsep of the interdiffused structure is even higher 
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than that in bulk Li-Si. However, Wsep only accounts for the rigid separation 
between bonds, and does not account for rearrangement of atoms caused by local 
plasticity effects. In bulk Li-Si structures, plasticity has been shown to be a major 
source of ductility [21], and the overall fracture toughness could be significantly 
higher than Wsep reported here. 
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Figures 
 
Figure 5.1: Volume expansion for Li-Si phases across different Li concentrations 
[20] 
 
             
                          (a)                                       (b)  
Figure 5.2: Creation of the Li-Si-Cu phase structure by rapid heating and 
quenching. (a) Initial configuration of the Li40Si40-Cu structure comprising of: 
unmixed slabs of Cu, Si, Li atoms. (b) Structure after heating up and equilibration 
at 5000K for 5000 MD steps. (c) Structure after quenching to 0K. (d) Structure 
after quantum-mechanical relaxation. Green, pink, and blue atoms in the atomic 
configurations on the left of each subplot denote Li, Si, and Cu atoms. 
Distribution plots on the right of each subplot (except (a)) shows Cu density 
distribution (blue curve), and distribution of Li/Si atoms (red curve). 
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(c)                                                   (d) 
 
Figure 5.2 (cont) 
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(a) Model 1: Li20Si20Cu54               (b) Model 2: Li40Si40Cu72 
 
   
(c) Model 3: Li60Si60Cu90 
 
Figure 5.3: Testing of model size effects for Li:Si = 1. (a) Model 1: Li20Si20Cu54,   
(b) Model 2: Li40Si40Cu72,  (c) Model 3: Li60Si60Cu90. Green, pink, and blue atoms 
in the atomic configurations on the left of each subplot denote Li, Si, and Cu 
atoms. Distribution plots on the right of each subplot shows Cu density 
distribution (blue curve), and distribution of Li/Si atoms (red curve). 
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 (a)Li20Si40-Cu                             (b) Li40Si40-Cu 
    
 
 (c) Li48Si28-Cu                     (d) Li75Si20-Cu  
Figure 5.4: Relaxed Cu/Si/Li intermixing structure and atomic distributions of 
(a) Li20Si40-Cu, (b) Li40Si40-Cu, (c) Li48Si28-Cu, (d) Li75Si20-Cu. Green, pink, 
and blue atoms in the atomic configurations on the left of each subplot denote 
Li, Si, and Cu atoms. Distribution plots on the right of each subplot shows Cu 
density distribution (blue curve), and distribution of Li/Si atoms (red curve). 
Averaged bulk Li/Si ratios are plotted as black dashed lines as reference.  
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(a) 
 
 
(b) 
 
Figure 5.5: Work of separation at several cross-sectional cuts along the thickness 
of (a) Li20Si40-Cu, (b) Li40Si40-Cu, (c) Li48Si28-Cu, (d) Li75Si20-Cu. Green, pink, 
and blue atoms in the atomic configurations on the left of each subplot denote Li, 
Si, and Cu atoms. Distribution plots on the right of each subplot shows Cu density 
distribution (blue curve), and distribution of Li/Si atoms (red curve).  Blue lines 
indicate where the cuts were performed. 
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(c) 
 
(d) 
 
Figure 5.5 (cont) 
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Figure 5.6: Work of separation of the Cu/Si/Li phase at at the bulk LixSi (color), 
along the interface separating the crystalline Cu and amorphous Li-Si-Cu phases 
(color), as well as along the weakest plane within the interphase (color). Wsep for 
the well-delineated interface between crystalline Cu and amorphous  Li-Si from 
[13] included for comparison purposes. 
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Tables 
 
Table 5.1: Composition details of the Cu/Si/Li phase with varying number of Li, 
Si, and Cu atoms (denoted by NLi, NSi, and NCu) within the supercell. 
 
system x (LixSi) NLi NSi NCu 
LiSi2-Cu 0.5 20 40 72 
LiSi-Cu 1 40 40 72 
Li12Si7-Cu 1.71 60 35 72 
Li15Si4-Cu 3.75 75 20 72 
 
 
Table 5.2: Compositional details of models 1, 2, and 3 for model size comparison. 
Total number of atoms in Model 1 < Model 2 < Model 3. 
 
 Model 1 Model 2 Model 3 
x  (LixSi) Li Si Cu Li Si Cu Li Si Cu 
0.5 10 20  
54 
20 40  
72 
30 60  
90 1 20 20 40 40 60 60 
1.71 48 28 60 35 60 35 
3.75 45 12 75 20 75 20 
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CHAPTER 6: CONCLUSIONS AND FUTURE WORK 
 
 
This thesis was set out to answer two questions: (a) If Li ions diffuse to the 
silicide interphase structure during lithiation, and if so, what are the associated 
barrier energies for diffusion? (b) What is the atomic structure of this 
interdiffused Li-Si-Cu phase, and can it explain the interface delamination 
mechanism which results in capacity fading? The answers of which are presented 
below: 
 
(a) There is a tendency for Li atoms to diffuse interstitially towards the 
silicide interphase because of decreasing barrier energy along the diffusion 
pathway. The Eb for Li atom moving from Layer 4 to Layer 2 near silicide 
interphase is 0.488 eV, which is ~16% lower than that in bulk Si. This is because 
that the presence of Li atoms helps accommodate the in-plane stresses which exist 
in the Si (Cu) layers caused by Si-Cu lattice mismatch. However, the interstitial 
diffusion mechanism will have to transition to a substitutional diffusion process 
from when it proceeds into the silicide structure due to the tight FCC Cu lattice 
packing within the silicide structure.  
 
      (b) Using a rapid heating and quenching approach, this thesis recreates model 
structures of the interdiffused Li-Si-Cu interphase separating the Cu current 
collector and the lithiated Si electrode. The interdiffused Li-Si-Cu phase is found 
to contain three distinct regions: (a) a crystalline Cu region representing the Cu 
current collector. This region comprises mostly of Cu atoms but with existing 
substitutional Li and Si atoms. (b) an interdiffused, amorphous Li-Cu-Si region, 
and (c) a bulk LixSi region above representing the bulk lithiated Si electrode. This 
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interdiffused structure is qualitatively in agreement with experimental studies[12, 
13].  
 
The study of separation energy suggests that even though Wsep at the bulk is 
lower than the ‘interface’ by about 0.3 J/m
2
 in general, Wsep does not include local 
plasticity effects, which may obscure the actual fracture toughness value which 
may be considerably higher. Therefore, to explain the interface delamination 
mechanism, further studies accounting for local plasticity effects may be needed. 
 
The suggested future work as a continuation of this thesis would be to use this 
interdiffused Li-Si-Cu model structure to characterize the interfacial sliding 
properties. Experimental studies showed substantial sliding (~30%) of Si thin film 
electrodes on Ti substrate [22]. It was explained that the Li atoms along the 
interface act as a lubricant for interface sliding and is responsible for the decrease 
of interfacial shear strength. Hence an analysis of the shear sliding study of the 
Cu/Si/Li intermixing phase is essential and may further our understanding of the 
failure delamination of Si the thin film bonded to the Cu substrate during 
lithiation.   
 
Apart from the atomic scale simulation, this thesis is also part of a bottom-up 
multi-scale simulation approach to the phenomenon of massive cracking in silicon 
electrodes on copper current collector. This thesis determines the atomic structure 
and properties of the Cu/Si interface and how they evolve with lithiation. Atomic 
level properties such as adhesion and shear strength will be essential to the scaling 
up to the continuum level with Finite Element Methods (FEM) for Cu/Si interface 
modeling to study the plastic deformation and dynamic lithium diffusion, which 
are beyond the length- and time-scales assessable with atomistic simulations.  
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